Abstract Marijuana cannabinoids such as Δ 9 -tetrahydrocannabinol (THC) have been shown in experimental systems to bias T helper immunity towards Th2 and away from Th1. This effect if broadly applicable to humans could have important implications in Th2-mediated diseases such as allergy. In the current study, we examined the effect of cannabinoids on serum immunoglobulin IgE levels in immunized mice and also examined the role of cannabinoid receptors in the response. The method involved preinjecting mice with cannabinoid receptor agonists and antagonists followed 18-24 h later with an immunizing injection with two different antigen/adjuvant combinations. This treatment was followed 2-3 weeks later with a booster injection of antigen and the subsequent bleeding of mice 1-2 weeks later for serum immunoglobulin analysis by ELISA. Our results showed that THC injection enhanced total IgE serum levels in response to antigen immunization even under conditions of deficient cannabinoid receptor 2 (CB2) and cannabinoid receptor 1 (CB1) activity and furthermore the increase in IgE was accompanied by a decrease in serum IgG2a. In addition, we observed that l-α-lysophosphatidyliniositol (LPI) increased serum IgE levels and that IgE levels were higher in CB2 deficient mice and suppressed by the CB2 agonist, Gp1a. These results suggest that in this IgE induction model in mice, non-selective cannabinoids such as THC increase IgE through receptors other than CB1 and CB2 but that CB2 receptors do play a suppressive role in the control of serum IgE levels.
Introduction
MJ cannabinoids have been shown to modulate various immune functions through mechanisms involving CB1 and CB2 cannabinoid receptors. However, several studies concluded that other receptors are in involved (Begg et al. 2005) because immune modulation by THC persists in CB1 and 2 deficient mice (Walter and Stella 2004; Lu et al. 2006a; Springs et al. 2008) . A third cannabinoid receptor, GPR55, has been reported and may account for some of the effects observed in the relative absence of CB1 and CB2. GPR55 is stimulated by THC as well as other cannabinoid ligands (Ryberg et al. 2007 ) with one of these ligands, lysophosphatidylinositol (LPI), speculated to be the natural endogenous ligand for this receptor (Oka et al. 2009 ).
Among the various immune mechanisms modulated by cannabinoids, T helper (Th) cell biasing has been reported with a suppression of Th1 and enhancement of Th2 immunity (Klein 2005) . This biasing effect of Th cells has also been observed with other neuroimmune agents such as morphine (Roy et al. 2001 ) and could partially explain the decrease in neuroinflammatory symptoms associated with Th1 activity (Maresz et al. 2007) or the increase in serum IgE levels (Th2 activity) observed in marijuana smokers (Rachelefsky et al. 1976 ). In the first report of cannabinoidinduced Th biasing, a suppression of cell-mediated immunity and splenocyte IFNγ production was accompanied by increasing serum levels of IgG1 antibodies and splenocyte IL4 (Newton et al. 1994) . Because the different subclasses of antibodies are regulated by Th cytokines with IL4 increasing the synthesis of IgG1 and IgE (Roper et al. 1990 ), these results suggested that THC might increase the production of the allergic antibody, IgE, in addition to IgG1.
In the current study, we wanted to see if THC increased the production of IgE in mice immunized with several standardized antigens and if so what is the role of cannabinoid receptors. Our results showed that THC injection enhanced total IgE serum levels in response to antigen immunization under CB2 and CB1 deficient conditions and the increase in IgE was accompanied by a decrease in serum IgG2a. In addition, we observed that the GPR55 agonist, LPI, increased serum IgE levels and that IgE levels were higher in CB2 deficient mice and were suppressed by the CB2 agonist, Gp1a. These results suggest that in this IgE induction model in mice, non-selective cannabinoids such as THC increase IgE through receptors other than CB1 and CB2 but that CB2 receptors doo play a suppressive role in the control of serum IgE levels.
Materials and methods
Chemicals The Research Technology Branch of the National Institute on Drug Abuse provided SR141716A (SR1; CB1 antagonist or inverse agonist), SR144528 (SR2; CB2 antagonist or inverse agonist), cannabidiol (CBD), and Δ-9-tetrahydrocannabinol (THC). L-α-lysophosphatidyliniositol (LPI), keyhole limpet hemocyanin (KLH), Sigma Adjuvant System® (RIBI), and ovalbumin (OVA) were obtained from Sigma (St Louis, MO). Imject® Alum (Pierce, Rockford, IL) and Gp1a (Tocris Bioscience, Ellisville, MO) were also used these studies.
Mice Female BALB/c (National Cancer Institute-Harlan, Fredericksburg, MD were used at 8-10 wks of age. Cannabinoid CB2 receptor gene deficient mice (CB2 −/− ) on C57BL/6 background and C57B/6 mice littermates were bred by USF animal facility staff from stocks provided by Dr. Nancy Buckley (California State Polytechnic U). The mice were housed and cared for in the animal facility of University of South Florida Health Sciences Center, which is fully accredited by American Association for Accreditation of Laboratory Animal Care.
Treatments The antagonists (SR1 or SR2), THC (Ki≤40nM CB1; Ki≤ 36 CB2) and Gp1a (Ki00.037nM CB2; Ki0 363nM CB1) were diluted first in DMSO (Sigma) to 50 mg/ml and LPI was diluted in PBS followed diluting in mouse serum. When given, mice were injected intravenous (iv) with THC (8 mg/kg; 200 μg/mouse [ms]), Gp1a (2 mg/kg; 50 μg/ms), or LPI (3.2-4 mg/kg;80-160 μg/ms) 18 h prior to sensitization by intraperitoneal (ip) injection of each antigens (OVA or KLH). For C57BL/6 and CB2 −/− , the treatments were performed with littermates. For the antagonist studies, the SR1 (4 mg/kg; 100 μg/ms) were injected iv 30 min prior to the THC treatment, SR2 (4 mg/kg; 100 μg/ms) 30 min prior to Gp1a or cannabidiol (CBD; 250 μg/ms) or SR1 (100 μg/ms) 30 min prior to LPI. For OVA sensitization, OVA (2 mg/ml) added to equal amount Imject® Alum for 300 μg of OVA in 300 μl of ALUM that was injected intraperitoneal (ip) for 14-21 days and followed by a challenge of OVA/Alum (200 μl/ms; ip). Mice were bled at 5-9 days after the challenge. Cardiac punctures of mice were done initially from 9 to 10 days before realizing that basically the same or higher levels of total IgE were obtainable from days 5 to 6. For KLH sensitization, KLH (1 mg/ml) was combined with RIBI as per manufacturer's instruction for 100 μg KLH in 100 μl RIBI per mouse. This KLH/RIBI solution was injected ip (100 μl/ms) for 14-21 days followed with challenge of KLH/RIBI (100 μl; ip). Mice were bled at 5-6 days after boost.
ELISA for serum total IgE Sera were diluted 1:5 or 1:10 and tested for Total IgE activity by sandwich ELISAs using a kit from BD-Pharmingen (San Diego, CA). Basically, the capture IgE antibody in 0.1M carbonate buffer (pH9.5) was coated on medium-bind Costar EIA plates (Corning) followed by blocking buffer, standard and diluted serum, and detection biotinylated antibody plus streptavidin-horseradish peroxidase (HRP). The color was by adding 3,3′,5,5′-Tetramethylbenzidine Liquid Substrate System (TMB; Sigma) for 5-30 min and the reaction stopped with 1N sulfuric acid. The plates were read at 450 nm on Emax Microplate Reader (Molecular Devices; Mento Park, CA) Units were calculated from a standard curve run with each plate. The low-end sensitivity was 0.5 ng/ml. Anti-OVA IgG2a isotypes ELISAs were done on the sera from above at 5-6 days. Basically OVA solution (10 μg/ml) in 0.1M carbonate buffer (pH9.5) was coated on mediumbind Costar EIA plates (Corning) and followed by blocking buffer. Sera were serially diluted with detection of the antibodies with anti-mouse IgG2a labeled with HRP. Color was developed with TMB (Sigma) and the reaction stopped with 1N sulfuric acid. The plates were read at 450 nm on Emax Microplate Reader (Molecular Devices).
Statistical analysis Data were analyzed by comparisons between groups using two-tailed Student's t-test.
Results

THC injection increases serum IgE antibodies
Our previous studies showed that THC injection prior to infection with Legionella pneumophila resulted in a selective increase in anti-Legionella IgG1 (Th2 antibody) and a decrease in IgG2a (Th1 antibody) (Newton et al. 1994) . To see if another Th2 antibody class, IgE, was also increased by drug treatment, in vivo mouse immunization models with different antigens and adjuvants (OVA/ALUM and KLH/RIBI) were developed and serum levels of total IgE analyzed by ELISAs. BALB/c mice were pretreated with saline or THC (200 μg/ms) 18 h prior to primary immunization with either OVA/ALUM (300 μl/ms) or KLH/RIBI (100 μl/ms) and then boosted with a second antigen injection 14-21 days later. Following the booster injections, the maximum serum IgE response times were selected and mice were bled either 9-10 days later (OVA/ALUM maximum) or 5-6 days (KLH/RIBI maximum) and serum IgE antibodies were determined by ELISA. As shown in Fig. 1 , immunization with both antigens increased the serum level of IgE following the booster injections and furthermore, as seen previously measuring IgG1 (Newton et al. 1994) , THC injection prior to the primary immunizations increased total IgE over normal serum and immune serum. Thus, remarkably, THC, injected at primary immunization with two different antigens enhanced IgE serum levels 4-5 weeks later following a booster injection.
THC injection decreases serum IgG2a antibodies
In addition to examining drug effects on IgE antibodies, we also looked for effects on IgG2a antibodies. Sera from drugtreated and immunized BALB/c and C57BL/6 mice were examined for IgG2a antibodies specific for OVA antigen. Figure 2 shows that immunization led to a significant anti-OVA IgG2a serum titer when measured 5-6 days after boosting in either BALB/c (panel A) or C57BL/6 (panel B) mice. Importantly, the data also showed that THC injection significantly inhibited these antibodies levels confirming, along with the data in Fig. 1 , what we had seen before using Legionella antigens (Newton et al. 1994; Klein et al. 2000) that THC injection suppresses Th1 type antibodies while increasing Th2 type responses.
CB2 receptor deficient mice show increased IgE serum levels Recognizing that THC increased the level of the allergic antibody, IgE, we began an analysis of which cannabinoid receptors were involved. Initial studies were performed with mice of the C57BL/6 strain containing a targeted deletion of the CB2 receptor gene (Buckley et al. 2000) . Wild type and CB2 −/− mice were sensitized and challenged with OVA/ALUM (300 μl/ms; 200 μl/ms) and bled 9-10 days post-challenge. Surprisingly, the CB2 deficient mice showed increased rather than decreased serum IgE levels (Fig. 3a) suggesting that CB2 receptors might have a negative regulatory effect on IgE production. Similar results were obtained sensitizing and challenging mice with KLH/RIBI in that the IgE response was higher in CB2
−/− mice and THC was equipotent in wild type and CB2 −/− mice and increased IgE in CB2−/− mice (Fig. 3b) .
THC injection increased IgE in the relative absence of CB1 and CB2 The above results suggested that CB2 was not C57BL/6 mice were immunized with OVA/ALUM and pretreated with either saline or THC alone or pretreated with the CB1 receptor antagonist, SR141716A, and THC prior to immunization. Figure 4 shows that serum IgE was increased by THC treatment to the same extent in wild-type mice, pretreated with SR141716A, and in CB2 −/− mice, and that pre-treating CB2 −/− mice with SR141716A further increased the THC effect. These results showed that the enhancing effect on IgE occurred in CB1 or CB2 blocked mice as well as in mice blocked for both receptors suggesting that neither CB1 nor CB2 was involved.
LPI injection increases serum IgE
The previous results suggested that neither CB1 nor CB2 were involved in the THC effect on IgE. This left open the possibility that the third cannabinoid receptor, GPR55, might be involved. To test this, mice were treated with a GPR55 agonist, l-α-lysophosphatidyliniositol (LPI) (Oka et al. 2009 ) (80-160 μg/ms) followed by immunization with OVA/ALUM and boosting. Figure 5 shows LPI treatment elevated IgE in the serum; however, pretreatment with either cannabidiol (CBD; 250 μg/ms) or SR141716A (SR1; 100 μg/ms), both of which have been reported to have both antagonist and agonist activity (Sharir and Abood 2010) , did not attenuate the LPI effect nor increase the IgE response (data not shown).
Activation of CB2 receptor attenuated serum levels of IgE The above results showed that CB2 is not involved in the IgE-enhancing effect of THC and in fact might lead to a suppression of the response. To test this directly, BALB/c mice were pretreated with the strong agonist for CB2 receptor (Ki of 0.037nM), Gp1a (50 μg/ms), and then sensitized and challenged with OVA/ALUM. Figure 6 shows injection of Gp1a attenuated by about one third the serum IgE response to OVA/ALUM and this attenuation effect was inhibited by pretreatment with SR144528 (SR2; 100 μg/ms), a CB2 antagonist/inverse agonist. Therefore, activation of CB2 with Gp1a has a negative effect on serum IgE levels and may be involved in down-regulating this immune response.
Discussion
Cannabinoids such as THC have been shown to modulate immune function and a large body of evidence suggests that both CB1 and CB2 receptors are involved (Klein and Cabral 2006) . However, not all immune modulation can be attributed to these two receptors leaving open the involvement of other receptors or molecular mechanisms (Begg et al. 2005) . Some time ago it was observed that THC in animal models of immune activation biased Th immunity away from Th1 and toward Th2 (Newton et al. 1994; Zhu et al. 2000) . Other neuroimmune agents were subsequently shown to bias T helper responses and the mechanism in the case of cannabinoids was partially due to effects on the helper biasing cytokines, IL-12, IFNγ, and IL-4, through mechanisms involving CB1 and CB2 receptors (Newton et al. 2009 ).
The immune modulating ability of cannabinoids suggests that these drugs might be useful as therapeutics in immune diseases and indeed their efficacy has been tested in several disease models (Mackie 2006) . On the other hand, the modulating effect might contribute to disease and again a number of reports have addressed this issue (Roth et al. . Increased IgE and allergic diseases would be expected in an animal being driven toward Th2 and indeed significantly elevated serum IgE was reported in 4 of 8 chronic marijuana-smoking adults (Rachelefsky et al. 1976 ) without allergic symptoms. This finding coupled with our observation that THC injection in mice increased IgG1 suggested to us that the immunocannabinoid system might be involved in the regulation of IgE and therefore be involved in the development of allergic disease. Initially, we observed that THC treatment of purified mouse B cells in culture promoted antibody class-switching from IgM to IgE and that CB2 receptors were involved in the response (Agudelo et al. 2008) . To extend these cell culture findings to the whole animal, we wanted to see in the current study if THC injection could increase IgE in the blood of immunized mice. We started the current studies with two different antigen/ adjuvant combinations by duplicating the experimental paradigm used previously with Legionella antigens (Newton et al. 1994) . The method involved pre-injecting mice with . CB −/− or wild type C57BL/6 mice were pretreated or not 18 h prior to immunization with OVA/ALUM. The mice were boosted and sera collected 5-6 days later for ELISA analysis. The IgE levels in nontreated wild-type (normal) and non-treated CB −/− mice were the same and SR1 treatment only had no effect (data not shown). Data bars are sera from 4 to 10 mice/group +/− SEM. * 0 p≤0.05 vs Normal; ** 0 p≤0.05 vs OVA/ALUM; # 0 p≤0.05 vs CB2 −/− OVA/ALUM THC followed 18-24 h later with an immunizing injection of antigen. This treatment was followed 2-3 weeks later with a booster injection of antigen and the subsequent bleeding of mice 1-2 weeks later for serum immunoglobulin analysis by ELISA. As with our previous studies analyzing IgG1 levels to Legionella, THC treatment resulted in increased serum IgE (Fig. 1) showing that a single injection of THC prior to primary immunization quantitatively changed the IgE response to a secondary immune challenge weeks later. Also in accord with our previous studies examining IgG2a, THC treatment decreased IgG2a antibodies (Fig. 2) . This effect on Ig levels was not detected after primary immunization (data not shown) but only after boosting suggesting the drug was affecting early immune cell mechanisms responsible for biasing secondary humoral responses. One of these mechanisms might be the Thelper cell polarizing function of dendritic cells as reported previously (Lu et al. 2006b ) or an effect on B cells which have been shown to shift in culture from IgM to IgE producers following treatment with cannabinoids (Agudelo et al. 2008) . The effect of THC on IgE was intriguing to us because of the implications to allergic disease and we therefore wanted to pursue the role of cannabinoid receptors in the response. Initial studies using CB2 −/− mice were quite surprising because these mice had not only a heightened IgE response to both antigens (Fig. 3) but THC increased IgE equally in treated wild type and CB2 −/− mice (Fig. 3b) suggesting CB2 may actually be negatively regulating IgE immunity. Our previous work showed that CB2 was involved in increasing IgE in response to THC in cultured B cells and when combined with the current in vivo results suggested that THC injection is increasing IgE by affecting immune cells BALB/c mice were pretreated with Gp1a, a CB2 agonist (Ki 0 0.037nM) or Gp1a plus SR2 the CB2 antagonist, 18 h later the mice were sensitized with OVA/ALUM and boosted with same antigen. Sera were collected at Day 6 after the boosting and ELISAs performed. Treatment with SR2 only had no effect on IgE levels (data not shown). Data bars are serum values from 4 to 8 mice/group +/− SEM. * 0 p≤ 0.05 vs Normal; ** 0 p≤0.05 vs OVA/ALUM and SR2/Gp1a/OVA/ ALUM; # 0 p≤0.05 from OVA/ALUM other than B cells and receptors other than CB2. Not having access to CB1/CB2 double knockout mice, we devised experiments using CB2 −/− mice treated with the CB1 antagonist, SR141716A (SR1). Figure 4 shows THC treatment increased rather than decreased IgE levels not only in CB2
−/− mice and SR1 treated mice but also in CB2 −/− mice co-treated with SR1 suggesting that neither receptor was involved in the effect. That we observed a THC-induced increase in serum IgE is at variance with a previous report showing a druginduced decrease (Jan et al. 2003) ; however, in the current study we injected much less drug which may account t for the difference. Furthermore, it is important to note that the THC effect on IgE we observed was quantitatively as robust in CB1 antagonized mice as in non-antagonized mice and CB2
−/− mice suggesting that neither receptor was involved in THC enhancing IgE. This is at variance with other reports showing that CB1 and CB2 are sometimes only partially involved in drug effects such as suppression of lymphocyte and dendritic cell functions (Walter and Stella 2004; Lu et al. 2006a; Springs et al. 2008) . A third cannabinoid receptor, GPR55, has been described that responds to THC and other natural and synthetic agonists (Sharir and Abood 2010; Begg et al. 2005; Lauckner et al. 2008; Ross 2009 ) and also responds to endogenous lipids such as anandamide and LPI. Regarding the function of this receptor, a significant amount of work has been done using GPR55 transfected cells while many of the whole animal in vivo experiments have used GPR55 −/− mice (Sharir and Abood 2010) . The literature suggests that, in addition to THC, LPI can act as an agonist and that CBD and SR1 can be both agonistic and antagonistic depending upon the system studied (Sharir and Abood 2010) . To look for a role of GPR55 in our model, we injected mice with combinations of LPI, SR1, and CBD. Figure 5 shows that LPI can significantly increase IgE when combined with OVA/AL-UM immunization and although both CBD and SR1 had shown some antagonistic effect in transfected cells, they had no agonistic (not shown) or antagonistic effect in our animal injection model. Our findings are among the few reports showing that LPI has an immune effect when administered to animals. It would be of interest to reexamine our immunization model with LPI in GPR55 −/− mice looking for a link between the expression of this receptor and the upregulation of IgE. These mice have been shown to have altered cytokine responses following an inflammatory challenge (Staton et al. 2008) . Finally, from the above results, it appears that THC injection causes a change during the primary immune response leading to augmented IgE production and that receptors other than CB1 or CB2 are involved. However, in addition to increasing IgE, the endocannabinoid system might also be involved in suppressing the response. This was suggested by our results in Fig. 3 wherein IgE was higher in treated CB2 −/− mice. Thus, to test the suppressive effect we injected mice with the CB2 agonist, Gp1a, and measured IgE. Figure 6 shows that indeed Gp1a can suppress the IgE response and that this effect is mediated by CB2 because it is attenuated by the CB2 antagonist. In summary, our findings suggest that cannabinoid receptors are involved in the immune regulation of IgE and that overall serum levels of reaginic antibodies depend on a balance between enhancing receptors (possibly GPR55) and suppressing receptors (CB2). Thus, CB2 may be a negative regulator of IgE and defects in the expression or function of this receptor may account for diseases such as allergy wherein too much IgE is produced. We are planning experiments to examine CB2 expression in allergic patients to see if a defect in the gene or protein is associated with disease severity.
